ABSTRACT In an attempt to study microcracks development, coordination number, volumetric strain, and permeability evolution of sandstone, the hydromechanical coupling mesoscopic simulation was carried out using Particle Flow Code 2D software based on experimental results of permeability evolution in the complete stress-strain process obtained via triaxial compression tests. A numerical model conforming to the laboratory experiments was established, and the critical mesoscopic mechanism was analyzed. The studied results have included big data as one of the examples for the application of Industrial Internet of Things. In particular, the following were investigated in details in this paper: the stress-strain curves, the distribution of pore pressure, the characteristics of crack growth, the coordination number, the volumetric strain, and the evolution characteristics of permeability under hydromechanical coupling conditions. A discussion is also provided, based on the numerical simulation and analysis of hydromechanical coupling effect, on the synergistic action among changes of mesoscopic structure, accumulated damage, and permeability evolution of the sandstone under hydro-mechanical coupling.
I. INTRODUCTION
An increasing number of rocks multi-field coupling problems have become a common concern for the industry and academia [1] , which is mainly associated with continuous extraction of water resources, construction of hydropower structures [2] , geothermal heat mining [3] , oil and gas extraction [4] and deep disposal of radioactive waste [5] . Applied loads and coupled environmental factors associated with stress and groundwater pressure directly affect rock design, construction and long-term stability of rock engineering solutions. When pressured water permeates into porous rock material with numerous microvoids and microcracks, additional local tensile stress tends to be generated, which makes the permeation, deformation, damage and failure process of the rock extremely complex. All these questions can be seemed as the field of the industrial internet of things.
The characteristics of rock under hydromechanical coupling condition have been investigated thoroughly within the literature through triaxial compression and permeability tests in the laboratories and satisfactory results have been achieved [6] - [16] . Although the macroscopic regularity on the permeability evolution of rock with damage and failure process has been captured, the mesoscopic structural change in the rock and the hydromechanical coupling mechanism are speculative. This is because the damage and failure process of rock in the triaxial cell can hardly be observed directly.
To this end, scholars started to establish some numerical models to describe the hydromechanical coupling effect by imbedding seepage-stress controlling equations and developing the associated evolution equations. For instance, Tang et al. [17] introduced a coupled flow-stressdamage (FSD) model that takes into account the growth of existing fractures and the formation of new fractures for heterogeneous rocks. Furthermore, Li et al. [18] and Li et al. [19] proposed a three-dimensional (3D) FSD model and a numerical model of coupled thermohydrologic-mechanical damage (THMD) to study the permeability-stress evolution for rock at pre-and post-peak stress phase in a mesoscopic elemental scale. Similarly, Taron and Elsworth [20] studied the THMC coupling property of geothermal rock with the joint aperture as the link, using the finite difference software FLAC 3D . Zhang et al. [21] used a finite element method programme, named SOFT, for the numerical simulation, and adopted unified field equations for thermo-hydro-mechanical-air (THMA) behaviour of saturated and unsaturated geomaterial. Shojaei et al. [22] developed a constitutive model based on continuum damage mechanics (CDM) to describe elastic, plastic and damage behaviour of porous rocks, and to study pressure sensitive inelastic deformation of porous rocks in drained and undrained conditions. The aforementioned numerical models based on stress and damage concepts have provided acceptable estimations of the variation in permeability for various rock materials and geotechnical conditions.
However, these models are mostly based on the continuum hypothesis, which does not take into account the internal pore structure and the cementation between the matrix particles inside the rock. In fact, neither the damage nor permeability study can proceed without considering rock mesoscopic structure as the basic factor. Discrete Element Method (DEM) overcomes the hypothesis of macroscopic continuity in a traditional continuum mechanics based model. DEM for granular materials was originally proposed by Cundall and Strack [23] who developed a well-known commercially available DEM code, i.e. particle flow code (PFC), which is generally capable of reflecting the mesoscopic structure changes during damage and failure process of rock [24] . Subsequently, numbers of researchers have introduced the DEM technique, including PFC, for rock simulation with hydromechanical coupling effect. For instance, Shimizu et al. [25] performed a series of simulations using PFC on hydraulic fracturing in competent rock to investigate the influence of fluid viscosity and the particle-size distribution. Yoon et al. [26] also investigated hydraulic fracturing and induced seismicity in intact and fractured reservoirs under anisotropic in-situ stresses using hydro-mechanical coupled discrete particles joints model. Wang et al. [27] have simulated the hydraulic fracturing in a coal seam based on PFC to investigate relevant parameters and analyse the connection between macroscopic and mesoscopic mechanical parameters. The successful applications of Particle Flow Code 2D software (PFC 2D ) on rock hydromechanical coupling problems proved the feasibility of this method. However, there has been barely any numerical simulation of mesoscopic properties and evolution of permeability in rock under hydromechanical coupling conditions during the progressive damage and failure process.
Moreover, in this paper, a lot of groups of parameters have been studied, and the computational results obtained from the computer have included massive data. Also, as we all know, the technology of the industrial internet of things is defined as the combination between almost all of the technology and computer technology as well as internet technology to share, collect, deliver and execute the environment and state information in real time and intelligent forms between the object and other objects. In general, the current application of information technology can be integrated into the category of the industrial internet of things. This paper was mainly completed by the computer technology, and massive date has been collected and delivered from one point to another point within the computer. Therefore, this study in this paper can be seemed as one of the example of the industrial internet of things. This innovative point has rarely discussed by those published papers.
II. BRIEF DESCRIPTIONS OF THE EXPERIMENTS
In this study, triaxial experiments under confining pressure and pore pressure coupling conditions and permeability measurement were carried out using a domestically designed TAW-1000 electrohydraulic servo-controlled rock mechanics testing system. The system is composed of confining pressure, axial pressure and pore pressure control sub-systems, which are independent and precise controlled closed loops. The rock material used in the experiments was sandstone. The experiment arrangement, equipment and the description of the sandstone samples are presented in details by Yu et al. [12] and Chen et al. [28] .
In these triaxial compressions, the confining pressure was set as 10 MPa, and the axial stress was displacementcontrolled at a rate of 0.02 mm/min. The coupling pore pressure differences were respectively set at three levels of 1, 4, or 7 MPa, which were imposed on the rock samples by applying a water pressure of 1, 4 or 7 MPa on the top end-face of the samples and linking the bottom end-face to atmospheric pressure. This pore pressure difference would drive the water to permeate from the top end-face to the bottom, and then the permeability can be calculated by using Darcy's law, which is usually assumed to be valid for this steady-state method of permeability measurement [6] . In the complete stress-strain process, several points of permeability were collected. To reduce the uncertainties associated with experimental results, caused by the experiment apparatus error and rock samples variations, each test was repeated at least for three times under the same coupling condition, and the typical data was selected for the analysis.
The results of stress-strain curves and permeability evolution curves under hydromechanical coupling conditions are shown in Figure 1 . It can be seen from this figure that under VOLUME 6, 2018 the three different pore pressures and various coupling with the same confining pressure of 10 MPa, the permeabilitystrain curves of these rock samples show the same variation trend, i.e. a slight initial decrease with the increasing axial strain, whilst reaching its minimum value before yielding, after which it increases dramatically. The permeability evolution curves indicate that at the initial stages of loading, the original microvoids and microcracks are compacted and closed, forming the secondary microcracks, and the progressive propagation and connection leads to a continuous slight drop of the permeability. After the stress-strain curves reach their yielding phases, the microcracks in the rock sample begin to connect and concentrate unstably, resulting in a sharp increase of permeability. Once the stress-strain curves reach the strain-softening phase, a macrocrack has fully formed, where the width of the crack determines the permeability evolution. In addition, from the peak stress of these stressstrain curves, it can be observed that with the increase of pore pressure difference, the peak stress of rock samples decreases, whilst the corresponding strain associated with the peak stress had appeared in advance. This suggests that the pore pressure in the rock sample offset the confining pressure causing the reduction of rock strength.
III. THEORY OF FLUID-SOLID COUPLING COMPUTATION
Although the data of overall deformation and permeability evolution can be obtained by laboratory triaxial tests, the results would only be the average values of the whole sample range. Furthermore, it is challenging to re-establish the real situation of rock damaging process in local and mesoscopic scale, whilst it cannot reveal the actual impact of hydromechanical coupling on mesoscopic structural alteration of rock. To address these issues, a numerical modelling of sandstone hydromechanical coupling was carried out based on the experimental tests. To do so, the triaxial compression tests were simplified to a plane-axisymmetric hydromechanical coupling model (biaxial) by using FISH language in PFC 2D . Based on fluid-solid coupling of discrete element particle flow theory, the fluid domain is generated as a closed chain of particles, as such that each link in the chain is a bonded contact. The fluid is stored in the fluid domain which would flow among the adjacent domains in the hydraulic gradient condition. At the same time, the potential cracks between adjacent domains are taken as flow paths which correspond to bonded contacts that may break. The schematic diagram of the fluid-solid coupling model in PFC 2D is shown in Figure 2 .
As far as the fluid concerned, the flow path in this model is assumed as a smooth parallel-plate pipe with aperture, length and unit depth in the out-of-plane dimension. The volume flow rate (Q) in the pipe conforms to the cubic law which is assumed to be valid for the fluid flowing within an ideal single fracture, and was calculated by using Equation 1, given by Shimizu et al. [25] .
where a is the fracture aperture (aperture of the parallel-plate pipe); ω is width of the parallel-plate pipe and unit of length is taken to be equal to it; µ is the viscosity of the fluid; (P 2 − P 1 ) denotes the pressure difference between the adjacent fluid domains, for which the positive sign is used to indicate that a positive pressure difference produces a positive flow from domain 2 to domain 1; L is the length of the pipe, which is obtained from harmonic average of the radius of two particles r 1 and r 2 , using Equation 2.
Fracture aperture (a) usually refers to the width of the parallel-plate pipe. According to the Equation 1, flow would not occur when the fracture aperture equals to zero. To avoid this, it is assumed that fracture aperture between two adjacent particles cannot decrease to zero and each contact in the model has a residual aperture (a 0 ). And the fracture aperture is taken to be related to the compressive normal force (F) at the contact between the two adjacent particles (Equation 3).
where F 0 is the value of normal force at which the fracture aperture drops down to the half of initial aperture. When normal force is tensile, the bonded contact would break and the particles are separated. Thus, the fracture aperture in this situation is assumed to be still residual aperture (a 0 ) [25] . The total flow qdt that comes from the surrounding particles in every unit of time dt can be obtained in each fluid domain. Based on continuity equation, the change of fluid pressure dP is given in Equation 4 .
where K f is the fluid bulk modulus, V d is the apparent volume of fluid domain, which shows as the shaded part in Figure 2 (a), dV d is the change of the volume in the fluid domain caused by some external force. Figure 3 shows that any of the fluid domain produces fluid pressure on the surrounding particles due to presence of pore water pressure. The resultant of forces (F d ) that fluid pressure (P) acting on centre of the particle can be expressed as: where β is the half-angle of the fluid domain boundary angle, s is the length of the connecting line between two adjacent particles contact points, which is also the acting width of fluid pressure, n i is unit vector in the direction that's perpendicular to the acting width (s). The aforementioned fluid-solid coupling control equations of discrete element method in PFC 2D are summarised as a flow chart and presented in Figure 4 . Changes in fracture aperture are caused by the external force on the particles (Equation 3), leading to changes in the flow rate (Equation 1). At the same time, the particle displacement caused by an external force changes the apparent volume of fluid domain. These changes consequently alter the domain pressures (Equation 4). Finally, the domain pressure exerts tractions on the enclosing particles, and the tractions would change the fracture aperture in turn. Through circular computations, dynamic equilibrium can be achieved.
IV. MODEL ESTABLISHMENT AND PARAMETER SELECTION A. ESTABLISHMENT OF NUMERICAL MODEL
In the process of numerical model establishment, not only the reality of numerical model should be taken into account, but to make it closely corresponding to the actual situation at the laboratory tests, the complexity of iterative relationship in fluid-solid coupling calculation should also be given full consideration. Therefore, the computing time and accuracy VOLUME 6, 2018 have to be planned accordingly and arranged appropriately when a certain number of particles in the model were determined. Following a great deal of trail calculations, a biaxial plane-axisymmetric numerical model with 2376 particles was eventually generated by using PFC 2D . The minimum radius of these particles was set to 0.35 mm, with a maximum to minimum radius ratio of 1.66. All of the radii associated with these particles were assumed to follow Gauss distribution. The height (50 mm), width (25 mm) and density (2790 kg/m 3 ) of the numerical model were the same as those measured in the laboratory. The contact-bonded mode which conforms to the fluid-solid coupling module of sandstone was selected, and the fluid-solid coupling module was added into the biaxial numerical model after its establishment. Schematic diagram of laboratory experimental arrangement and numerical model generated by PFC 2D are shown in Figure 5 .
Similar to the laboratory triaxial experiments, the confining pressure (P2) remained at 10 MPa during the simulation and axial P1 was imposed on the numerical model by axial displacement control at a rate of 0.02 mm in each 104 time step. Because in the laboratory experiments the bottom endface of the rock sample was link to atmospheric pressure, around 0.1 MPa, the same value was set as initial pressure (i.e. P4 = 0.1 MPa) for the whole fluid domain in the numerical model. During the biaxial compression simulation, the pore pressure was applied on top of the biaxial numerical model, with the values of 1, 4, or 7 MPa (i.e. P3 = 1, 4, or 7 MPa). Hence, pore pressure difference between both ends of the numerical model could be formed in the vertical direction, and the pore pressure can be stably distributed in the model after a relatively short period.
B. SELECTION OF THE MESOSCOPIC PARAMETERS
Mesoscopic mechanical parameters of the rock sample and fluid parameters are required in the calculation model; however, currently there is no one-to-one correspondence between mesoscopic and macroscopic mechanical parameters. To allocate appropriate mechanical parameters for the mesoscopic particles, a trial-and-error process was repeated to make the simulated stress-strain curves corresponding with the triaxial compressive laboratory results. In particular, the biaxial numerical model was generated by referring to meso-mechanical parameters for sandstone found in the literature [25] . Thereafter, the mesoscopic parameters were amended repeatedly according to a rule developed by Potyondy and Cundall [24] , so that the stress-strain curve was in good agreement with the experimental results under a confining pressure of 10 MPa and a pore pressure difference of 1 MPa coupling condition in simulation. In the next stage, the pore pressure difference was changed to 4 MPa, and 7 MPa and the hydromechanical coupling numerical simulations were repeated as described before. After a great deal of trial calculations, the meso-mechanical parameters and the computational parameters of fluid, listed in Table 1 and 2, were ultimately selected in these numerical simulations.
V. SIMULATED RESULTS AND ANALYSIS A. SIMULATED STRESS-STRAIN CURVES UNDER HYDROMECHANICAL COUPLING CONDITIONS
In order to calculate the macroscopic results and to understand the local mesoscopic damage mechanism process associated with sandstone under hydromechanical coupling condition, a series of mesoscopic numerical simulations, corresponding to the laboratory experiments, was carried out by using the aforementioned numerical model and computational parameters. Figure 6 illustrates the simulated stressstrain curves under hydromechanical coupling conditions, from which it is evident that the peak stress decreases with the increase of the pore pressure difference and the strain corresponding to peak stress appears in advance, which coincides with the experimental results. The simulated peak values of the stress under conditions of a confining pressure of 10 MPa coupled with a pore pressure difference of 0, 1, 4, or 7 MPa, were 87.43 MPa, 82.73 MPa, 79.66 MPa and 76.92 MPa, respectively, with 1.20%, 1.07%, 0.98%, and 0.92% corresponding strains respectively. The pore pressure among particles would enhance the particles bearing capacities under the applied external force in the numerical model. Thus, when the pore pressure difference increases, it would reduce the effective confining pressure, weakening the bonded contact among particles and decreasing the compressive strength of rock.
B. SIMULATED DISTRIBUTION OF PORE PRESSURE
In the triaxial tests, the distribution of pore water pressure can hardly be measured directly. But the distribution of pore pressure across the sample would have a significant effect on analysing the change of the micro-or meso-structure of the rock under hydromechanical coupling condition. Thus it is necessary to observe the changes of pore pressure distribution by utilising numerical simulation method. In these simulations, it was found that with increasing the time step, the distribution of pore pressure under any of the simulated pore pressure difference (1, 4 or 7 MPa) has a similar regularity as that under the other differences. As an example, the simulated pore pressure distribution of samples under a pore pressure difference of 7 MPa at different time steps is illustrated in Figure 7 . From Figure 7 (a), it can be seen that the pore pressure that was applied on top of the sample gradually transfers to the whole sample with the increasing time step, which reflects the process of pore pressure in rock. At the same time pace, the pore pressure approximately corresponds with the same samples height but changes with height. Figure 7(b) illustrates the relationship between pore pressure and sample height. It can be observed from this figure that with the time period increasing, the pore pressure quickly transfers. The figure also shows that the pore pressure along the height direction have approximately a linear relationship at about 5 × 10 4 time steps, when the axial strain was only 0.2%, and is highly sample relative to the complete stress-strain curve. Furthermore, the flow of the fluid across the sample could be considered as a steady flow state. Zoback and Byerlee [29] assumed that there is a linear pressure gradient across the sample in using Darcy's law to measure permeability of rock. The result of pore pressure distribution in this simulation has strongly proved rationality and effectiveness of this assumption. VOLUME 6, 2018
C. CHARACTERISTICS OF CRACK GROWTH
Lisjak and Grasselli [30] have provided a summary of main discrete element modelling techniques developed in the field of rock mechanics as simulation tools for fracturing processes in rocks and rock masses. Based on failure theory of PFC 2D , if the magnitude of the tensile force on the normal contact equals to or exceeds the normal bonded contact strength, the bond would break and totally lose its bearing capacity, which leads to tensile cracks formation. Similarly, if the magnitude of the shear contact force exceeds the strength of shear bonded contact, the bond would also break and form shear cracks, whilst the shear strength would reduce to residual strength that is related to the coefficient of friction. In PFC 2D , the mesoscopic damage variable (D) can be defined as the ratio of the number of tension cracks (N ) to the total number of bonded contacts (N 0 ) as described in Equation 6 [31] .
In this paper, the same initial biaxial model is employed in the numerical simulations, so the total number of bonded contact (N 0 ) is a known constant value in all cases. Therefore, the degree of damage associated with a sample under biaxial compression can be estimated by the number of tension crack (N ). After applying the pore water pressure, the damage and failure process of the samples under biaxial compression would be undoubtedly influenced by the water pressure. The influence rules of flowing fluid on the degree of rock damage can be qualitatively summarised by analysis of the number of tension crack (N ). The curves which show the relationship between N and axial strain and also the relationship between the portion of tension crack (percentage) and axial strain under different pore pressures are shown in Figure 8 .
As it can be seen in Figure 8 (a), that before axial strain reaches the onset of damage burst, around 0.8%, the development of tension cracks is so slow that this deformation stage can be fairly regarded as a non-damage deformation stage. After this stage, however, with the axial strain increasing until closing to the point corresponding to peak stress, the number of tension cracks increases dramatically. When the rock samples reach nearly their peak stresses, the curves associated with the number of tension crack and the axial strain have the largest inclined rate, indicating that the growth rate of tension crack was the fastest during biaxial compression. From the slope of different pore pressure values, it is evident that with a greater pore pressure, the rate of microcrack propagation increases more sharply. However, the growth rate gradually slows down in all these four cases (i.e. 0, 1, 4, and 7 MPa) after the formation of main macrocrack. The growth rate of microcracks nucleation is lower under non-pore pressure; whist the subsequent crack growth rate is relatively uniform and stable. This phenomenon shows that in high water pressure environment, microcracks in rock would propagate in a comparably shorter period of time and reduce the rock's bearing capacity. This issue needs to be taken into the account during the design and construction of tunnels and other rock engineering structures under hydromechanical coupling conditions, this should also be considered when monitoring those structures and/or conducting safety assessment on cavities.
Figure 8(b) shows the relationship between the percentage of the tension cracks and axial strain. Before the onset of damage burst, there is almost no tension crack formed during biaxial compression under these hydromechanical coupling conditions. Thus the proportion of tension cracks corresponding with the axial strain ranging from 0 to 0.8% was excluded in Figure 8(b) . Both of the tension cracks and broken cracks seldom appear at a specific axial strain that is called the point of stable formation of tension cracks, from which the tension cracks start to form stably in the numerically modelled samples. This causes a high random fluctuation of the curves correspond to tension cracks percentage against axial strain. After the stable tension cracks formation point, the number of formed microcrack and their propagation gradually increases, whilst the previously stable tension to total cracks ratio begins to significantly increase. In addition, it can be observed from Figure 8 (b) that axial strain corresponding to stable formation of the tension cracks has an inverse relationship with the pore pressure difference, reflecting that the development of cracks changes from randomness to ordered state, and that the level of pore pressure difference has a great influence in this process. To sum up, the pore pressure difference in the hydromechanical coupling condition has a significant prompting effect on formation and propagation of microcracks in the rock, especially on the rapid development of tension cracks. From the perspective of the strength, bearing capacity of the rock samples would drop rapidly while the coupling of pore pressure difference and axial and lateral stress create a great number of tension cracks with absolutely no bonding strength. Figure 9 shows the evolutionary process of microcracks under a confining pressure of 10 MPa coupled with a pore pressure of 7 MPa or 0 MPa. In this figure, a main macroscopic perforation shear band is formed across the sample at the axial strain of around 1.2% when no pore pressure difference was applied on the numerical sample. By contrast, under the hydromechanical coupling condition with a 10 MPa confining pressure and a 7 MPa pore pressure difference, the main shear band is formed at the axial strain of about only 0.94%, which is much less than the case above. In addition, the distribution of microcracks is relatively more centralised and systematic when the pore pressure difference was imposed. Furthermore, an associated shear band conjugated with the main shear band was gradually formed under 7 MPa pore pressure difference; while this associated shear band did not appear in the biaxial compressive process with no hydromechanical coupling effect. 
D. COORDINATION NUMBER
Coordination number in PFC 2D refers to the average number of contacts per particle for particles with centroids, which fall within a measurement circle. It can be used to describe some mesoscopic fabric features such as the density of particle contacts, and to reflect the degree of occlusion among particles. As it is shown in Figure 10 , a measurement circle with a radius of 12.5 mm was set, in the geometric centre of the sample, to count the coordination number under different hydromechanical coupling condition. Before the axial strain reaching around 0.8%, the stress-strain curves are approximately linear. At this stage, the particles are slightly compressed in all these four different hydromechanical coupling conditions, resulting in the coordination numbers of the samples increase slowly until reaching their peak values at the densest state of the particles in the model. All of these peak values appear before reaching the associated peak stress points. When a greater pore pressure difference was applied in the numerical model, the maximum coordination number was reached more quickly, while the compact degree of the particles at the densest state decreased. After reaching the peak values, the coordination numbers in all cases began to decrease with the increasing axial strain. This downward trend under the hydromechanical coupling condition with a 7 MPa pore pressure is comparably slower and smoother than that under no coupling condition. This suggests that the pore water pressure aggravates the collapsibility of particles' occlusal force that makes the follow-up damage be more rapid and severe.
E. VOLUMETRIC STRAIN
As the volume of particles in PFC 2D remains unchanged during the simulation, the volumetric strain of the sample can be obtained by calculating the volume change of pores within the particles. Figure 11 illustrates the curves of volumetric strain against axial strain under four different pore pressure differences namely; 0, 1, 4, and 7 MPa coupled with a confining pressure of 10 MPa (according to geomaterial sign convention, positive sign is used to indicate volume VOLUME 6, 2018 FIGURE 11. Relation curves of volumetric strain with axial strain under four different pore pressure differences coupling with a 10 MPa confining pressure.
expansion, and the negative is for volume contraction). From Figure 11 it can be observed that after imposing the axial and lateral loads on the sample, the volume of the samples began to shrink in all of the four different pore pressure differences under coupling conditions. These four volumetric strain curves decreased slightly, slowly and nearly identically, with the increase in axial strain, till reaching their minimum values (i.e. onset of dilatancy). The sample under 7 MPa pore pressure difference under coupled condition takes the lead in reaching minimum values, while the sample with no pore pressure is the latest. Based on the principle of effective stress, the pore pressure inside the porous medium can offset the effect of external force. Thus the applied pore water pressure offsets part of confining pressure, while the effective confining pressure is less than the applied confining pressure. Therefore, the absence of pore pressure increases the degree of contraction in the numerical sample. After the onset of dilatancy, the microcracks inside the sample started to connect and nucleate, and shear band gradually formed. In this process, the particles around the shear band were separated from each other, resulting in volumetric expansion and dramatic dilatancy of the sample. If a greater pore pressure difference was applied between the end-faces of the sample, its corresponding volumetric strain would increase faster, also reflecting the prompting effects of pore pressure on nucleation of microcracks, formation of shear band and volume expansion after onset of dilatancy.
It is worth mentioning that in the process of biaxial compression, the point of damage burst initiation comes first, followed by the peak of coordination number, and finally the point of dilatancy onset reaches. This regularity is quite evident in the deformation process of the samples in all hydromechanical coupling condition. Before the point of damage burst onset, the sample is compressed slightly, and there are small numbers of formed microcracks in the sample. The corresponding coordination number increases gradually while volumetric strain decreases slowly with the increasing axial strain. Each aforementioned property of the samples under four different hydromechanical coupling conditions is in good consistency with the change tendency during biaxial compression; while the sample under a greater pore pressure difference reaches the point of damage burst onset earlier than that under a less or no pore pressure difference. After reaching the point of damage burst onset, the sample under a greater pore pressure difference also achieves the peak of coordination number and the dilatancy onset first. Then the microcracks in the sample are in rapid development. A large number of bonded contacts among particles are broken, and particles are separated from each other (especially around shear band), resulting in a rapidly decrease in coordination number and a sharp increase in volumetric strain. The sample under no pore pressure difference also experiences a similar change trend but the trend is relatively smooth and subdued.
F. EVOLUTION CHARACTERISTICS OF PERMEABILITY
Absolute permeability of rock is closely related to skeleton properties of rock medium and mainly depends on the particle composition and pore structure. The pore structure of rock will change under the effect of external loads and internal pore water pressure, which would lead to change of mesoscopic flow channel and have further effects on the macroscopic permeability. According to the relationship between permeability and porosity given by capillary bundle model, called Kozeny-Carman Equation, the permeability (k) of sandstone samples can be estimated [32] .
where ϕ is porosity;d p is the average diameter of particles; Constant c is related to pore shape and pore connectivity, with the empirical value approximately ranging from 0.003 to 0.0055.
The processes of progressive rock damage and failure under hydromechanical coupling conditions show an obvious heterogeneity. To avoid this, in this study, 1104 measurement circles with the radius of 1.4 mm and the vertical and horizontal interval of 1 mm are evenly arranged in the numerical sample to measure the local permeability. The value of c in Equation 7 was assumed 0.003 in this study. In the hydromechanical coupling conditions, inner structure of the sample changes under biaxial loading, which has knock-on effects on the local and general permeability of rock. In other words, the local porosity of the sample changes quite unevenly in the process of progressive damage and failure, resulting in change of local permeability in different parts of the sample. So far the numerically simulated results cannot be quantitatively compared with the experimental results, but the qualitative analysis with the permeability evolution nephogram is a good method to visually show mesoscopic permeability evolution characteristics that cannot be observed directly from the physical tests. Figure 12 (a) illustrates the permeability evolution nephograms of the sample under hydromechanical coupling condition with a 7 MPa pore pressure difference. From these typical nephograms, it can be seen thatat the early stage of loading (ε = 0.3% to 0.6%), a small number of microcracks forms, and only a few new microcracks propagate along the tips of those microcrack formed before. So all coloured areas in nephograms are changed slightly, indicating that local permeability varies to some extent. The change of general permeability is also not very noticeable. The graph also shows that before reaching the axial strain corresponding to the peak stress (ε ≈ 0.90%), exceeding numbers of new microcracks are gradually formed, and these microcracks continue to propagate and connect, but not along the sample edge. In the permeability evolution nephogram, some blue areas are gradually changed to green, yellow and even red, which show comparably higher permeability. Thereafter, the microcracks begin to nucleate, and a relatively higher permeability zone starts to form. When the axial strain reaches 1.1%, crack nucleation expands rapidly and an inclined high permeability zone is gradually taking shape. Formerly, along with the continuous development of strain (ε = 1.1% to 1.4%), rock sample forms a completely connecting shear zone and high permeability area (showed in red in Figure 12 ) which has been in complete connection. Permeability in the shear zone is further increased and is about one order of magnitude higher than the initial permeability before loading.
Permeability variation gradient near the shear zone is excessive. It can be speculated that the improvement of general macroscopic permeability in the triaxial experiments is mainly caused by the dramatic boost of permeability through the progressively formed shear zone, but the permeability in the peripheral undamaged zone retains its initial level.
In other words, fluid in the rock permeates along the dominant channel, such as a newly formed microcracks and shear band, while permeability in undamaged zone do not change excessively compared to the dominant channel during the whole loading process. Therefore, the local permeability, which acts through shear zone, should be used to consider the general permeability, and that corresponds to the sharp increasing of permeability in the indoor triaxial experiments. This result can provide guidance for water control measures in rock engineering projects related to hydromechanical coupling issues. Figure 12 (b) illustrates comparison of permeability evolution nephogram at the end of loading under four pore pressure differences. When the load is terminated, a higher pore pressure difference causes a higher permeability along the formed shear band. The higher level of pore pressure difference in the hydromechanical coupling condition makes the peak strength of samples reach earlier, leading to a greater development after the peak stress, a higher contribution on microcracks nucleation and a larger degree of macrocrack connection and volumetric expansion. These would result in a significant improvement of permeability along the shear band.
VI. SYNERGISTIC ACTION AMONG MESOSCOPIC STRUCTURE CHANGES, DAMAGE AND PERMEABILITY EVOLUTION
As can be seen from the aforementioned calculations and analysis of hydromechanical coupling effect the changes of mesoscopic structure, damage and permeability evolution of the sandstone samples under hydro-mechanical coupling have obvious synergistic action. Schulze et al. [33] and Souley et al. [34] have reported a similar synergistic action for other types of rock under hydromechanical coupling effect. The synergistic action from the simulated results in this study is mainly characterized by:
(1) In the initial compression stage, only a few microcracks appear randomly in the rock sample. The coordination number increases slowly, and the volumetric strain decreases gradually. This is due to micropores in the sample gradually get closed when the sample is compacted at this stage, slightly changing the local permeability of the sample. This phenomenon has reached a good agreement with the experimental results obtained through laboratory triaxial compression tests. (2) After reaching the point of damage burst onset, the proportion of the tension cracks starts to increase gradually and the cracks begin to concentrate near the shear band. With further development of damage, till the axial strain reaching its corresponded value to peak stress, the peak value of coordination number and the onset of dilatancy point appears almost at the same time and the permeability begins to rise. (3) Near the peak stress point, microcracks nucleation expands rapidly, forming high permeability region in proximity to the nucleation area. High permeability regions have the trend for connection, and the volumetric dilatancy continues to develop, leading to the permeability increasing rapidly. (4) After reaching the peak stress point, completely connected shear band continues to extend, the bearing capacity gradually decreases, and dominant permeability channel has completely formed. At the same time, the permeability reaches its maximum value. (5) When taking the hydromechanical coupling effect into consideration, the mesoscopic structure change and the damage and permeability evolution would be quite different. Specifically, once the secondary microcracks begin to form under hydromechanical conditions, the pore pressure would accelerate the extension of cracks tips. The secondary microcracks grow with the continuous loading, and the hydromechanical effect would play a larger role in accelerating cracks. Finally, these secondary cracks and original cracks would be nucleated, and macro-fracture would form, providing dominant flowing channels. This directly results in dramatic increase in permeability with the axial strain.
In engineering projects the occurrence of sudden water inrush in some rock cavities under high pore pressure and high ground stress coupling conditions is fundamentally due to the same reason.
VII. CONCLUSION
To gain a better understanding of the mesoscopic properties of rock under hydromechanical coupling conditions and the associated progressive damage and failure process, a series of numerical simulations were conducted using PFC 2D and validated by laboratory triaxial compression test results of sandstone. The hydromechanical coupling conditions were simulated by setting a confining pressure of 10 MPa between both end-faces of the sample coupled with four different pore pressure differences of 0, 1, 4 or 7 MPa. In this paper, the following conclusions can be drawn from these numerical simulations:
(1) After fluid steadily flows in the sample, there is approximately a linear relationship between pore water pressure and sample height. In addition, the pore pressure difference also reduces the effective confining pressure, weakening the bonded contact among particles and decreasing the compressive strength of rock. (2) After reaching the onset point of damage burst, pore pressure plays a significant promoting role on the formation of microcracks within the rock (mainly tension cracks). With the continuous development of associated damage, coordination numbers of the samples increase slowly and then decrease with the increasing axial strain. The increasing trends are almost the same in all cases; while the decreasing trends of coordination numbers under the hydromechanical coupling conditions are comparably slower and smoother than that under no coupling condition. The associated peak values of coordination number appear before their peak stress points.
(3) By visualising the permeability evolution process, it is found that permeability around the shear band shows great change caused by the progressive damage and failure process of rock. After the formation of macroscopic shear band, permeability increases dramatically with the increase of axial strain; while it maintains a relatively low permeability level (approximately equal to its initial value) in the undamaged area of the sample. Local permeability in the shear band position can be considered as the general permeability. (4) Based on the numerical simulation and the analysis of hydromechanical coupling effect, changes of mesoscopic structure, accumulated damage and permeability evolution of the sandstone under hydro-mechanical coupling have obvious synergistic action. (5) In this paper, the massive data in this study has been obtained by the computer technology. The studied method and results can be seemed as the initial form of the industrial internet of things. In the future, we will further consider using the industrial internet of things to test the mesoscopic properties and permeability in sandstone to validate the numerical simulation in this paper. Also, the massive data will be processed and collected by the technology of the more advanced industrial internet of things.
